Purpose. Tyrosine 1248 is one of the autophosphorylation sites of human epidermal growth factor receptor (HER)-2. We determined the prognostic value of the expression level of tyrosine 1248 -phosphorylated HER-2 (pHER-2) in patients with HER-2 ؉ primary breast cancer using a reverse-phase protein array.
INTRODUCTION
Human epidermal growth factor receptor (HER)-2 is overexpressed or amplified in approximately 15%-20% of breast cancers, and HER-2 expression is a prognostic factor for breast cancer [1] [2] [3] . In patients with HER-2 ϩ breast cancer, the combination of standard chemotherapy plus trastuzumab, a monoclonal antibody targeting HER-2, has resulted in higher progression-free and overall survival rates than with standard chemotherapy alone [4 -6] . However, only 30% of patients with HER-2 ϩ metastatic breast cancer respond to trastuzumab [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Phosphorylation of HER-2 induces downstream intracellular signaling and activates genes related to cell growth. HER-2 has several autophosphorylation sites, including tyrosine (Tyr)1248, 1221/1222, and 877, and others, and phosphorylation at these sites may reflect HER-2 activity [20 -30] . To date, the most widely studied phosphorylation site is Tyr1248, the only site for which there is an antibody established to be stable in human tissues [25, 26, 28 -30] . Some studies have reported that Tyr1248-phosphorylated HER-2 (pHER-2) assessed by immunohistochemistry (IHC) is related to resistance to trastuzumab and poor prognosis in patients with HER-2 ϩ breast cancer [25, 26, 28 -30] . However, we are aware of no studies to date that have identified specific levels of pHER-2 that can be used as cutoffs to stratify patients with respect to prognosis. The ability to stratify the prognosis of patients with HER-2 ϩ breast cancer on the basis of pHER-2 expression level could allow testing of novel agents targeting pHER-2. Reverse-phase protein array (RPPA) is an antibodybased quantitative assay that has advantages over IHC in assessing the phosphorylation of proteins. Although IHC provides information about the presence or absence of protein phosphorylation, it does not permit precise quantification of the amount of phosphorylated protein. RPPA, in contrast, permits, with just a small amount of material, quantification of the expression level and modification (e.g., phosphorylation) of proteins as a continuous value for a large number of patients.
We hypothesized that the HER-2 expression level by RPPA is concordant with HER-2 status by IHC or fluorescence in situ hybridization (FISH) and that in patients with HER-2 ϩ breast cancer, high expression of pHER-2 by RPPA is associated with shorter disease-free survival (DFS) than low expression of pHER-2 by RPPA. We evaluated this hypothesis in a large derivation set and in a separate validation set from another institution. 
MATERIALS AND METHODS

Human Tumor Samples
Pathology Methods
Samples were considered positive for estrogen receptor (ER) or progesterone receptor (PR) if Ն10% of the cells had nuclear staining for the receptor. In the derivation set, HER-2 status was evaluated by IHC or FISH. HER-2 positivity was defined as 3ϩ receptor overexpression on IHC staining or gene amplification on FISH, defined as a gene copy-chromosome enumeration probe 17 ratio Ͼ2.0. In the validation set, HER-2 status by IHC or FISH was not available. Therefore, to stratify these patients with respect to HER-2 level, we used the cutoff value of HER-2 positivity that was developed using RPPA data from the derivation set (see Statistical Methods below).
mors by homogenization. Tumor lysates were normalized to 1 g/l concentration using a bicinchoninic acid assay. The lysates were then boiled with 1% sodium dodecyl sulfate, and the supernatants were manually diluted in six or eight twofold serial dilutions with lysis buffer. From the serial dilutions, an Aushon Biosystems 2470 arrayer was used to create sample arrays on nitrocellulose-coated FAST™ slides (Schleicher & Schuell BioScience, Inc., Keene, NH). Each slide was probed with a validated primary HER-2 and pHER-2 antibody, and the signal was amplified with a DakoCytomation catalyzed system (Dako, Glostrup, Denmark). The slides were analyzed and quantitated with the use of MicroVigene software (VigeneTech Inc., Carlisle, MA). The levels of HER-2 and pHER-2 in each sample were expressed as log-mean centered as previously described. We used the p-Neu 2A (PN2A) antibody to detect phosphorylation of Tyr1248. This antibody specifically recognizes phosphorylation of the major autophosphorylation site Tyr1248 and has no crossreactivity with other related receptors, including epidermal growth factor receptor, HER-3, and HER-4, or unphosphorylated HER-2, as demonstrated in a previous study [36] . Antibodies for other phosphorylation sites of HER-2 have not been validated for RPPA analysis. Therefore, we determined Tyr1248 phosphorylation only.
Statistical Methods
Correlations between the expression levels of HER-2 and pHER-2 in tumors and the 5-year DFS rate were determined using both the derivation (n ϭ 162) and validation (n ϭ 227) cohorts. Receiver operating characteristic (ROC) curve analyses were used to determine the optimal cutoff values for segregating 5-year DFS. The concordance of HER-2 expression level by RPPA and HER-2 status by IHC or FISH was analyzed using Cohen's coefficient. Baseline patient characteristics by HER-2 and pHER-2 expression are summarized with medians and ranges for age and follow-up time and with frequencies and percentages for all other characteristics. Time to recurrence was measured from the date of diagnosis to the date of first detection of local disease recurrence or distant metastasis or to the date of last follow-up. Because the at-risk proportion of patients became very small at 5 years and because most of the recurrences had occurred by then, the follow-up time was truncated at 5 years. Time to recurrence was estimated with the Kaplan-Meier method and was compared between groups using the log-rank statistic. Cox proportional hazards models were fit to determine the association of pHER-2 status and the risk for recurrence after adjustment for other patient and disease characteristics. Each model contained terms for age at diagnosis, menopausal status, presence of lymph node metastasis at diagnosis, stage, hormone receptor status, and receipt of pre-or postoperative chemotherapy. p-values Ͻ.05 were considered statistically significant. All statistical analyses were done using SPSS version 17 (SPSS Inc., Chicago, IL).
RESULTS
Clinicopathologic Characteristics of the Derivation Cohort
The clinicopathologic characteristics of the derivation cohort are listed in Table 1 . The median age was 53 years (range, 27-83 years). The 162 breast cancers included 72 cancers (44.4%) that were hormone receptor positive (ER or PR) and 26 cancers (16.0%) that were positive for HER-2 by IHC or FISH. At 5 years of follow-up, 37 patients (22.8%) in the derivation cohort had died.
Concordance Between HER-2 Expression Level by RPPA and HER-2 Status by IHC or FISH
The area under the ROC curve for analysis of the relationship between HER-2 expression level by RPPA and HER-2 status by IHC and/or FISH was 0.873. An optimal cutoff value of HER-2 expression level was developed at 0.272. Using this optimal cutoff value, 26 (16.0%) of the 162 patients in the derivation cohort had high HER-2 expression levels (HER-2 ϩ breast cancer). HER-2 expression level by RPPA was concordant with HER-2 status by IHC or FISH ( coefficient p ϭ .679; Fisher's exact test p ϭ .000; sensitivity, 73.8%; specificity, 94.9%).
Prognostic Value of HER-2 in the Entire Derivation Cohort
The prognostic role of HER-2 expression level by RPPA was determined using the aforementioned cutoff values. In the derivation set, the 5-year DFS rate was significantly lower in the 26 patients with a high HER-2 expression level than in the 136 patients with a low HER-2 expression level (42.3% versus 72.1%; p ϭ .010) (Fig. 1) .
Optimal Cutoff Value of pHER-2 Expression
The area under the ROC curve for the analysis of the relationship between the pHER-2 expression level and 5-year DFS rate in the 26 patients with breast cancer with a high HER-2 expression level was 0.662. An optimal cutoff value of pHER-2 expression level was developed at 1.536. Using this optimal cutoff value, 19 (11.7%) of the 162 patients had a high pHER-2 expression level and 143 (88.3%) had a low pHER-2 expression level ( Table 2 ). In the 26 patients with a high HER-2 expression level, 17 (65.3%) had a high pHER-2 expression level and nine (34.7%) had a low pHER-2 expression level ( Table 2) .
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Prognostic Value of pHER-2 in the Entire Derivation Cohort
The prognostic role of the pHER-2 expression level was determined using the aforementioned cutoff values in a logrank analysis. In the derivation cohort, patients with a high pHER-2 expression level had a significantly lower 5-year DFS rate than patients with a low pHER-2 expression level (p Ͻ .000) ( Fig. 2A) .
PROGNOSTIC VALUE OF PHER-2 IN DERIVATION-COHORT PATIENTS WITH A HIGH HER-2 EXPRESSION LEVEL
Among the 26 patients who had a high HER-2 expression level, patients with a high pHER-2 expression level had a significantly lower 5-year DFS rate than patients with a low pHER-2 expression level (23.5% versus 77.8%; p ϭ .020) (Fig. 2B) . On univariate analysis, other factors, including age, menopausal status, lymph node status, pathological stage, hormone receptor status, and pre-or postoperative chemotherapy, were not associated with 5-year DFS (Table 3). On multivariate analysis, only the pHER-2 expression level was an independent prognostic factor (hazard ratio, 5.94; 95% confidence interval, 1.057-33.387; p ϭ .043) ( Table 3) .
Clinicopathologic Characteristics of the Validation Cohort
Clinicopathologic characteristics of the validation cohort are listed in Table 1 . The median age was 68.8 years (range, 30 -80 years). The 227 breast cancers included 192 cancers (84.6%) that were hormone receptor positive. All patients received hormone therapy; none received chemotherapy. Ninety-five of the patients (41.9%) had lymph node metas- 
Prognostic Value of pHER-2 in the Validation Cohort
The reproducibility of the prognostic value of pHER-2 by RPPA was determined in the validation cohort. In this cohort, HER-2 status was not available by IHC or FISH. Therefore, we applied a cutoff value of HER-2 positivity of 0.272, which was estimated using the derivation set. Using this cutoff value, 61 (26.9%) of the 227 patients in the validation cohort had a high HER-2 expression level by RPPA (Table 2) . Patients with a high pHER-2 expression level (n ϭ 7) had a significantly lower 5-year DFS rate than patients with a low pHER-2 expression level (n ϭ 220; p ϭ .024) (Fig.  2C) . In the 61 patients with a high HER-2 expression level, there was a trend toward a lower 5-year DFS rate in patients with a high pHER-2 expression level (n ϭ 7) than in patients with a low pHER-2 expression level (n ϭ 54) (57.1% versus 81.5%; p ϭ .077) (Fig. 2D) . Only lymph node metastasis was an independent prognostic factor on multivariate analysis (hazard ratio, 0.121; 95% confidence interval, 0.015-0.967; p ϭ 0.046) ( Table 4) .
DISCUSSION
We have provided the first clinical evidence that the expression level of pHER-2 by RPPA, which can quantify phosphorylated proteins, may have a prognostic role in patients with HER-2 ϩ breast cancer. In the derivation cohort, among patients with HER-2 ϩ breast cancer, the expression level of pHER-2 was the only factor associated with the 5-year DFS rate on both univariate and multivariate analysis. There was a similar trend in the validation cohort using data from another institution. These results indicate that pHER-2 expression level may have potential as an additional prognostic marker in patients with HER-2 ϩ breast cancer. The prognostic and predictive roles of pHER-2 in breast cancer patients have previously been reported (Table 5 ) [20, [23] [24] [25] [26] [27] [28] 30] . Our results concur with those of previous studies, although in most previous studies phosphorylated HER-2 was examined using IHC with PN2A [22, 29, 30] , which is an antibody against HER-2 with phosphorylation at Tyr1248. Tyr1248 is one of the C-terminal sites that are phosphorylated before downstream signaling occurs [21, [37] [38] [39] . Tyr1248 phosphorylation contributes to induce activation of the HER-2 oncoprotein [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Frogne et al. [23] reported the clinical relevance of Tyr1221/1222-phosphorylated HER-2, because pHER-2 using the antibody against Tyr1248 was only weakly stained in their positive control. Other phosphorylation sites of HER-2 (Tyr877, Tyr1005, Tyr1127, Tyr1144, Tyr1201, Tyr1226/1227, and Tyr1253) have not been examined in human specimens, and their accuracies and prognostic values have not been shown [21, 40, 41] .
In this study, we assessed the expression level of pHER-2 by RPPA, which permits quantification of phosphorylated proteins [31] [32] [33] [34] [35] . RPPA is a highly reliable, reproducible, and high-throughput system for quantitative proteomic analysis of a large number of protein expression and protein activation sites [31, 32, 35, 42] . Expression levels of proteins by RPPA have been confirmed to be correlated with the results of traditional Western blotting [35] . In addition, the concurrent com- parison of a large number of samples, which RPPA makes possible, can reduce experimental bias [32, 33, 35] . RPPA also has the advantage of permitting objective assessment of the expression levels of proteins because they are shown as continuous values. These characteristics of RPPA allowed us to use the technique to develop optimal cutoff values of protein expression for each analysis. RPPA may identify optimal molecular markers for the detection of response to treatment and may have potential for developing novel agents targeting pHER-2 and for therapeutic monitoring. In the past, issues related to fixation and stability of proteins were a concern with RPPA. However, recent advances in technology have proven the reproducibility and high sensitivity of RPPA [31] [32] [33] 35] . We previously assessed the technical utility of RPPA analysis and confirmed the stability of pHER-2 and other proteins in frozen samples within 24 hours after sample collection for RPPA analysis [43] . We also checked the reproducibility of RPPA by validating the results of our initial, derivation-set analysis with an analysis of samples from a different institution. Our comparison of RPPA findings and findings from traditional pathologic analysis, including IHC and FISH, indicated that expression levels of HER-2 by RPPA were remarkably concordant with the standard HER-2 status determined by traditional pathologic analysis. On the basis of this reliability, we were able to justify the optimal cutoff values related to the 5-year DFS rate that were developed using the ROC curve analysis.
In previous studies, pHER-2 was found in 12%-68% of HER-2 ϩ patients [31] [32] [33] [34] [35] . Our study showed high pHER-2 expression levels in 65.3% of the patients with a high HER-2 expression level in the derivation cohort and in 11.5% of the patients with a high HER-2 expression level in the validation cohort. Although both rates of high expression of pHER-2 are within the range of rates reported in previous studies (Table 4) , the rate of high expression of pHER-2 was lower in the validation cohort. This lower rate in the validation cohort may be explained by differences in other clinicopathologic characteristics between the derivation and validation cohorts-specifically, all the patients in the validation cohort were postmenopausal, most of the patients were hormone receptor positive, and all the patients received hormone therapy but not chemotherapy. Therefore, the number of pHER-2 ϩ patients in the validation cohort was small, and the prognostic role of pHER-2 was statistically marginal in the validation cohort despite the significance proven with multivariate analysis in the derivation cohort. In this study, none of the patients with HER-2 ϩ breast cancer received any HER-2-targeting agent. Thus, we were able to assess the prognostic significance of pHER-2 without interference by a HER-2-targeting agent. Assessment of the correlation between the pHER-2 expression level and the effect of HER-2-targeting agents is a necessary next step. Furthermore, recently, several mechanisms have been revealed for resistance to trastuzumab [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Phosphatase and tension homolog deleted on chromosome 10 (PTEN) suppresses the phosphatidylinositol-3-kinase (PI3K)/Akt pathway. Activation of the PI3K pathway by PIK3CA mutations or low PTEN expression has been associated with a poor response to trastuzumab and poor prognosis after trastuzumab therapy [10] [11] [12] [13] . Assessment of the correlation between phosphorylation of HER-2 and activation of these downstream pathways is also needed. A limitation of this study is that, if the normalization process for the RPPA dataset changes, the optimal cutoff values for each dataset will change as well. If our optimal cutoff values of HER-2 and pHER-2 are used with other datasets, the normalization process needs to be the same as the one used in our study.
In summary, in HER-2 ϩ breast cancer patients, high expression of pHER-2 was associated with a lower 5-year DFS rate than with low expression of pHER-2 in the derivation cohort, and a similar trend was observed in the validation cohort. High expression of pHER-2 was rare in HER-2 Ϫ breast cancer patients. Quantification of the expression level of pHER-2 may provide further prognostic information in HER-2 ϩ breast cancer patients in addition to the information gained from the current standard pathologic studies. Definitive prospective studies are warranted to further confirm this relationship. The authors take full responsibility for the content of the paper but thank Stephanie Deming from the Department of Scientific Publication, University of Texas, for editorial review.
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